The new diphosphine ligands Ph 2 PC 6 H 4 C(O)X(CH 2 ) 2 OC(O)C 6 H 4 PPh 2 (1: X NH; 2: X NPh; 3: X O) and Ph 2 PC 6 H 4 C(O)O(CH 2 ) 2 O(CH 2 ) 2 OC(O)-C 6 H 4 PPh 2 (5) as well as the monophosphine ligand Ph 2 PC 6 H 4 C(O)X(CH 2 ) 2 OH (4) have been prepared from 2-diphenylphosphinobenzoic acid and the corresponding amino alcohols or diols. Coordination of the diphosphine ligands to rhodium, iridium, and platinum resulted in the formation of the square-planar complexes [(P À P)Rh(CO)Cl] (6: P À P 1; 7: P À P 2; 8: . In all complexes, the diphosphine ligands are trans coordinated to the metal center, thanks to the large spacer groups, which allow the two phosphorus atoms to occupy opposite positions in the square-planar coordination geometry. The trans coordination is demonstrated unambiguously by the single-crystal X-ray structure analysis of complex 18. In the case of the diphosphine ligand 5, the spacer group is so large that dinuclear complexes with ligand 5 in bridging positions are formed, maintaining the trans coordination of the P atoms on each metal center, as shown by the crystal structure analysis of 9. . After the catalytic reaction, complex 7 is identified in the reaction mixture and can be isolated; it is active for further runs without loss of catalytic activity.
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Introduction
The carbonylation of methanol to give acetic acid is one of the most important homogeneously catalyzed industrial processes. [1] The catalytic reaction requires the use of iodide promoters which convert methanol, prior to carbonylation, into the actual substrate methyl iodide. [2] The original [Rh(CO) 2 
I 2 ]
À catalyst, developed at the Monsanto laboratories [3, 4] and studied in detail by Forster and co-workers, [5±7] is largely used for the industrial production of acetic acid and acetic anhydride. The rate-determining step of the catalytic cycle is the oxidative addition of CH 3 I to give [(CH 3 )Rh(CO) 2 I 3 ] À , so that catalyst design focuses on the improvement of this reaction. [8] Ligands that increase the electron density at the metal center should facilitate the oxidative addition step and, consequently, increase the overall rate of acetic acid formation.
For this purpose, a large variety of rhodium carbonyl complexes have been synthesized and tested for methanol carbonylation, giving comparable or better activities than the original Monsanto catalyst.
[9±12] One of the most important classes of these active rhodium complexes is based on simple phosphine ligands such as PEt 3 , [13] or diphosphine ligands of the type PPh 2 ÀCH 2 ÀCH 2 ÀPPh 2 . [14] More recently, bidendate phosphorus ± sulfur, phosphorus ± oxygen and phosphorus ± nitrogen ligands such as PPh 2 À CH 2 À P(S)Ph 2 ,
[12] PPh 2 À CH 2 À P(O)Ph 2 , [15] and PPh 2 À CH 2 À P(NPh)Ph 2 [11] have been shown to produce efficient catalysts with [{Rh(CO) 2 Cl} 2 ].
However, attempts to modify the catalyst [Rh(CO) 2 I 2 ] À and thus increase its activity by introducing electron-donating ligands are generally hampered by the instability of the complexes formed under the harsh reaction conditions required for the carbonylation of methanol. As iridium complexes are normally more stable than the corresponding rhodium complexes, efforts have been made to find suitable iridium catalysts for the carbonylation of methanol. This resulted in the development of the Cativa process, based on [Ir(CO) 2 
À in combination with [Ru(CO) 4 I 2 ], which is presently the most efficient process for the industrial manufacture of acetic acid. [16] Herein we report on diphosphine ligands containing ethyleneglycol and amino alcohol spacer groups for the synthesis of trans-disubstituted square-planar rhodium and iridium complexes, which are not only active for methanol carbonylation but also robust under the catalytic conditions and thus recoverable intact.
Results and Discussion
Square-planar rhodium complexes containing two monophosphine ligands in trans positions such as trans-[(PEt 3 ) 2-Rh(CO)Cl] [10] are known to be highly active in the process of methanol carbonylation, but less stable than unsymmetrical diphosphine complexes such as cis-[(Ph 2 PCH 2 CH 2 PAr 2 )Rh-(CO)Cl] [17] which are, however, less active catalysts. For this reason, we decided to develop diphosphine ligands containing suitable spacer groups between the two phosphorus atoms in order to allow trans coordination in square-planar rhodium and iridium complexes. Complexes of this type can be expected to combine high catalytic activity with thermal stability under the harsh conditions of methanol carbonylation, so that they can be recovered intact after the catalytic process.
In general, easy accessibility is a major criterion for the design of new ligands. The ready availability of 2-diphenylphosphinobenzoic acid from the Wurtz coupling of sodium 2-chlorobenzoate and sodium diphenylphosphide [18] is an attractive building block for the synthesis of diphosphine ligands by condensation of the acid function with diols, diamines or amino alcohols. [19] Thus the new phosphine ligands 1 ± 5 have been synthesized from 2-diphenylphosphinobenzoic acid and the corresponding amino alcohols or diols (Scheme 1). They can be isolated in good yields as white microcrystalline powders. Whereas the diphosphine ligands 3 and 5 are symmetrical and give only one resonance in the 31 P{ 1 H} NMR spectrum, the diphosphine ligands 1 and 2 are unsymmetrical. However, only 2 gives rise to the expected two 31 P signals, for 1 only one resonance is observed in the 31 P{ 1 H} NMR spectrum. All spectroscopic data of 1 ± 5 are given in the Experimental Section.
Complex [{Rh(CO) 2 Cl} 2 ] reacts with two equivalents of the diphosphines 1 ± 3 to give the diphosphine complexes [(PÀP)Rh(CO)Cl] 6 ± 8, respectively, in high yields (Scheme 2). The products are very easily isolated by evaporation of the solvent and washing of the residues with diethyl ether. Compounds 6 ± 8 exhibit, as expected, one strong n(CO) absorption in the IR spectrum, which is comparable with those reported for trans-[(PR 3 ) 2 Rh(CO)X], [11, 13] but lower than that of the cis-[(dppe)Rh(CO)I] (dppe 1,2-bis(diphenylphosphino)ethane), [14] providing further evidence Rh (I 1 ³2), in agreement with the trans-P,P stereochemistry. This is in line with the findings for the a-cyclodextrin ± diphosphine complexes developed by Matt and Armspach. [20] In the case of 7, which contains the unsymmetrical diphosphine 2, the 31 P signal at d 47. 8 P) 274 Hz). Several authors suggest that this type of mononuclear trans bidentate complex might be more stable with large metallacycles (13 atoms) than with medium-size metallacycles, due to the increased flexibility of the larger ring size. [21] In general, the stability of the trans monomer increases with increasing chain length and reaches a maximum with a metallacycle of 15 members. [22] In agreement with this statement, the complex [{Rh(CO) 2 Cl} 2 ] reacts with two equivalents of 5 (for which a mononuclear metallacycle containing 16 atoms is expected) to give the dinuclear complex [{(P À P)Rh(CO)Cl} 2 ] (9; Scheme 3).
The single-crystal X-ray structure analysis of 9 ( Figure 1 ) shows that the two rhodium atoms are bridged by two diphosphine ligands, maintaining the trans P,P-coordination geometry of each rhodium atom. The molecule has a mirror plane passing through the Rh and Cl atoms. The two metal atoms are in a square-planar environment (Figure 1 ). The metal atoms are coordinated by the two P atoms of the two P,P-bidentate ligands. The four PÀRh bonds are equal in length (P(5a)ÀRh(1) and P(5b)ÀRh(2) 2.345(2), P(6a)ÀRh(1) and P(6b)ÀRh(2) 2.318(2) ä). These bond lengths and angles are similar to those reported by Shaw and co-workers [23] for trans-{[(tBu) 2 P(CH 2 ) 10 P(tBu) 2 ]Rh-(CO)Cl} 2 and trans-{[(tBu) 2 PÀ(CH 2 ) 10 P(tBu) 2 ]PdCl 2 } 2 .
The chloro complexes [(P À P)Ir(cod)Cl] (10: P À P 1; 11: PÀP 2; 12: PÀP 3) are directly obtained from [{Ir(cod)-Cl} 2 ] and the corresponding diphosphine ligands using a 1:2 ratio in diluted solution to avoid the formation of [(PÀP) 2 Ir]Cl or polynuclear species, as observed with other diphosphines (Scheme 4). [24] The phosphorus atoms of the PÀIrÀP moieties give rise to a signal at about d 20.5 ppm in the 31 [25] or in [(pnp)Ir(cod)Cl] (pnp (a-methylbenzyl)bis(2-(diphenylphosphino)ethyl)amine). [26] In the latter cases, however, the diphosphine ligands diop and pnp are cis-coordinated to iridium, while in 10 ± 12 the diphosphine ligands 1 ± 3 are trans-coordinated. Carbon monoxide reacts in dichloromethane with 10 ± 12 to give quantitatively the carbonyl complexes 13-15 (Scheme 4), which also show only one 31 The trans coordination of the diphosphine ligands in the mononuclear complexes, assumed for 6 ± 8, 10 ± 12, and 13 ± 15 on the basis of their spectroscopic data, was finally evidenced for the platinum complex [ (2) The trans coordination of 2 in 18 is unambiguously revealed by a single-crystal X-ray structure analysis ( Figure 3) showing a square-planar coordination geometry of 18. The Pt atom is coordinated to two I atoms and to the two P atoms of the diphosphine ligand. The two platinum ± phosphorus bonds (Pt(1)ÀP(1), 2.31(9); Pt(1)ÀP(2), 2.33(9) ä) and the two platinum ± iodine bonds (Pt(1)ÀI (1) 2.62(5) ä) are almost equal in length. These bond lengths are similar to those reported by Feringa and co-workers for trans-
[27] The angles about the platinum center in 18 are not far from those of the ideal square-planar geometry.
The diphosphine ligands 1, 2, 3, and 5 have been tested in combination with [{Rh(CO) 2 15 min the reaction was stopped, and the products were analyzed by GC to determine the quantities formed. The results of the catalytic carbonylation of methanol are presented in Table 1 [12] In the presence of the diphosphines 1 ± 5, the IR spectra showed the absence of the intense n(CO) bands for [Rh(CO) 2 I 2 ]
À . As shown in Table 1 , the catalytic activity increases considerably in the presence of the diphosphine ligands 1, 2, 3, or 5, ligand 2 being the most active (Table 1, entry 3 ).
In the case of the most active combination, [{Rh(CO) 2 ) has not, so far, been identified. This mixture is still active for further catalytic runs, showing almost the same degree of catalytic activity. There is no evidence for ligand degradation by hydrolysis of the amide or ester bonds nor by quaternization of the phosphine units by methyl iodide.
The red complex 19 can be isolated from the organometallic residue of the catalytic reaction by crystallization from acetone; it is also directly accessible from the reaction of 7 with methyl iodide in acetone solution (Scheme 7). Complex 19 is a dinuclear Rh III complex in which the rhodium atoms are bridged by one diphosphine and two iodo ligands, both rhodium atoms carrying an acetyl ligand. Complex 
Conclusion
Pringle et al. have supposed [17] that the asymmetry of the diphosphine ligand is a very important factor in the catalytic activity and the stability of the rhodium complex in the carbonylation of methanol, as has been shown by Casey et al. for the rhodium-phosphine catalyzed hydroformylation of olefins. [28] Indeed, the rhodium complex 7, containing an asymmetric diphosphine ligand, turned out to be more active and more stable under catalytic conditions than the classical Monsanto system.
During the formation of the dinuclear complex 19 from two mononuclear complexes 7, one of the two diphosphine ligands is liberated. Phosphine loss during the catalytic process has already been proposed by Cole-Hamilton et al. in the case of [(PEt 3 ) 2 Rh(CO)I], without the supposed monophosphine species [(PEt 3 )Rh(CO)I] being isolated. [13] Oxidative addition of iodomethane to 7 yields the acetylrhodium(iii) complex 19, presumably through the intermediacy of the corresponding mononuclear methylrhodium(iii) complex. The facile migratory insertion of carbon monoxide during oxidative addition of iodomethane to carbonylrhodium(i) complexes is well known. [29, 30] On the basis of these observations, we propose the catalytic cycle shown in Scheme 9 for the mechanism of the carbonylation of methanol catalyzed by 7. Alternatively, it is possible that the proposed hexacoordinate methyl and acetyl species [12] The dinuclear complexes 19 formed by elimination of a diphosphine ligand may be considered as a reservoir for the mononuclear active species. The formation of the dinuclear complex 19 can be decreased by using an excess of the diphosphine ligand.
Experimental Section
General: Solvents were dried and distilled under nitrogen prior to use. All reactions were carried out under nitrogen, using standard Schlenk techniques. All other reagents were purchased (Fluka) and used as received. Nuclear magnetic resonance spectra were recorded using a Varian Gemini 200 BB instrument and referenced to the signals of the residual protons in the deuterated solvents. 1 H NMR: internal standard solvent, external standard TMS; 13 C NMR: internal standard solvent, external standard TMS. IR spectra were recorded with a Perkin ± Elmer 1720X FTIR spectrometer. Microanalyses were carried out by the Laboratory of Pharmaceutical Chemistry, University of Geneva, Switzerland.
1:
A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,Ndicyclohexylcarbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine (100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and ethanolamine (0.1 mL, 1.62 mmol) in CH 2 Cl 2 (40 mL) was allowed to stand at room temperature under nitrogen, until esterification was complete. The resulting solution was filtered through Celite to remove N,N-dicyclohexyl urea, and the filtrate concentrated under reduced pressure. A chromatogram of the residue was recorded on a silica gel column (150 g), eluting with hexane/acetone (2:1). The product was isolated from the third fraction by evaporation of the solvent, giving 1 (220 mg, 0.33 mmol; 20 %) as a white solid. 1 
2:
A solution of 2-diphenylphosphinobenzoic acid (1.12 g, 3.65 mmol), N,Ndicyclohexyl-carbodiimide (900 mg, 4.36 mmol), 4-(dimethylamino)pyridine (100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and N-(2-hydroxyethyl)aniline (0.18 mL, 1.47 mmol) in CH 2 Cl 2 (50 mL) was allowed to stand at room temperature under nitrogen, until esterification was complete. The resulting solution was filtered through Celite to remove N,N-dicyclohexylurea, and the filtrate concentrated under reduced pressure. A chromatogram of the residue was recorded on a silica gel column (150 g), eluting with hexane/diethyl ether (1:1). The product was isolated from the third fraction by evaporation of the solvent, giving 2 (483 mg, 0.68 mmol; 46 %) as a white solid. 1 
and 4:
A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-dicyclohexylcarbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine (100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and ethyleneglycol (0.09 mL, 1.61 mmol) in CH 2 Cl 2 (50 mL) was allowed to stand at room temperature under nitrogen, until esterification was complete. The resulting solution was filtered through Celite to remove N,N-dicyclohexylurea, and the filtrate concentrated under reduced pressure. A chromatogram of the residue was recorded on a silica gel column (150 g), eluting with hexane/diethyl ether (1:1). The products were isolated from the second (4) and the third (3) 6: A solution of [{Rh(CO) 2 Cl} 2 ] (50 mg, 0.13 mmol) and 1 (89 mg, 0.14 mmol) in dichloromethane (20 mL) was stirred at room temperature for 2 h. The solvent was then removed under reduced pressure. The residue was dissolved in acetone (10 mL), filtered, then evaporated to dryness. The resulting yellow solid was washed with hexane (10 mL) and dried in vacuo (62 mg, 0.08 mmol, 62 %). 1 
7:
A solution of [{Rh(CO) 2 Cl} 2 ] (50 mg, 0.13 mmol) and 2 (100 mg, 0.14 mmol) in dichloromethane (20 mL) was stirred at room temperature for 2 h. The solvent was then removed under reduced pressure. The residue was dissolved in acetone (10 mL), filtered, then evaporated to dryness. The resulting yellow solid was washed with hexane (10 mL) and dried in vacuo (71 mg, 0.08 mmol, 62 %). 1 9: A solution of [{Rh(CO) 2 Cl} 2 ] (50 mg, 0.13 mmol) and 5 (178 mg, 0.26 mmol) in acetonitrile (20 mL) was stirred at room temperature for 2 h. The solution was filtered then evaporated to dryness. The resulting yellow solid was washed with diethyl ether (3 Â 10 mL) and dried in vacuo (84 mg, 0.10 mmol, 77 %). Crystals suitable for X-ray diffraction analysis were grown by slow evaporation of a 1:3 acetone/hexane solution. 1 13: An orange solution of 10 (100 mg, 0.10 mmol) in dichloromethane (50 mL) was stirred at room temperature under CO. After 5 min the resulting yellow solution was filtered, and the solvent evaporated to dryness. The remaining yellow solid was washed three times with diethyl ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in vacuo (45 mg, 0.05 mmol, 50 %). 1 14: An orange solution of 11 (100 mg, 0.10 mmol) in dichloromethane (50 mL) was stirred at room temperature under CO. After 5 min the resulting yellow solution was filtered, and the solvent evaporated to dryness. The remaining yellow solid was washed three times with diethyl ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in vacuo (40 mg, 0.041 mmol, 41 %). 1 15: An orange solution of 12 (100 mg, 0.10 mmol) in dichloromethane (50 mL) was stirred at room temperature under CO. After 5 min the resulting yellow solution was filtered, and the solvent evaporated to dryness. The remaining yellow solid was washed three times with diethyl ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in vacuo (45 mg, 0.05 mmol, 50 %). 1 17: An orange solution of 16 (100 mg, 0.15 mmol) in dichloromethane (50 mL) was stirred at room temperature under CO. After 5 min the resulting yellow solution was filtered, and then the solvent evaporated to dryness. The remaining yellow solid was washed three times with diethyl ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in vacuo (57 mg, 0.09 mmol, 60 %). 1 18: A solution of [Pt(cod)I 2 ] (50 mg, 0.09 mmol) and 2 (70 mg, 0.10 mmol) in dichloromethane (20 mL) was stirred at room temperature for 12 h. The solvent was then removed under reduced pressure. The resulting yellow solid was washed with hexane (10 mL) and dried in vacuo (70 mg, 0.06 mmol, 67 %). Crystals suitable for X-ray diffraction analysis were grown by slow evaporation of a 1:3 dichloromethane/hexane solution. 1 Catalytic runs: In a typical experiment, [{Rh(CO) 2 Cl} 2 ] or [{Ir(cod)Cl} 2 ] (24 mg, 0.06 mmol) and the ligand (0.12 mmol) were dissolved in methanol (4.46 mL). This solution was placed in a 100 mL stainless steel autoclave, and iodomethane (11 mmol) and water (200 mmol) were added. After purging three times with CO, the autoclave was pressurized with carbon monoxide (25 bar) and heated to 170 8C under vigorous stirring of the reaction mixture (900 rpm). After 20 min, the autoclave was cooled to room temperature, and the pressure released. The solution was filtered and analyzed by GC.
Gas chromatography was performed on a Dani 86.10 gas chromatograph equipped with a split-mode capillary injection system and flame ionization detector using a Cp-wax 52-CB capillary column (25 m Â 0.32 mm).
Crystal structure determinations: Intensity data were collected at 153 K on a Stoe Image Plate Diffraction system [31] using Mo Ka graphite-monochromated radiation. The structure was solved by direct methods using the program SHELXS-97. [32] The refinement and all further calculations were carried out using SHELXL-97. [33] Hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL default parameters. The non-hydrogen atoms were refined anisotropically, using weighted full-matrix least-squares on F 2 . Structure calculations, checking for higher symmetry and preparation of molecular plots were performed with the PLATON [34] package. Further experimental details are given in Table 2 .
CCDC-178634 (9), CCDC-178812 (16), CCDC-178813 (18), CCDC-178933 (19 a), and CCDC-178932 (19 b) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: ( 44) 1223-336-033; or deposit@ccdc.cam.ac.uk). Table 2 . Summary of X-ray single-crystal data and structure refinement parameters for the compounds 9, 16, 18, 19 a, and 19 b. 
